Interferon (IFN)-inducible GTPases currently include four families of proteins: myxovirus resistant proteins (Mxs), guanylate-binding proteins (GBPs), immunity-related GTPase proteins (IRGs), and very large inducible GTPase proteins (VLIGs). They are all under conserved regulation by IFNs in humans and mice and play a critical role in preventing microbial infections. However, differences between vertebrates are poorly characterized, and their evolutionary origins have not been studied in detail. In this study, we performed comparative genomic analysis of the four families in 18 representative animals that yielded several unexpected results. Firstly, we found that Mx, GBP, and IRG protein families arose before the divergence of chordate subphyla, but VLIG emerged solely in vertebrates. Secondly, IRG, GBP, and VLIG families have experienced a high rate of gene gain and loss during the evolution, with the GBP family being lost entirely in two pufferfish and VLIG family lost in primates and carnivores. Thirdly, the regulation of these genes by IFNs is highly conserved throughout vertebrates although the VLIG protein sequences in fish have lost the first 870 amino acid residues. Finally, amphioxus IFN-inducible GTPase genes are all highly expressed in immune-related organs such as gill, liver, and intestine and are upregulated after challenge with PolyI:C and pathogens, although no IFNs or their receptors were detected in the current amphioxus genome database. These results suggest that IFN-inducible GTPase genes play conserved immune functions both in vertebrates and in cephalochordates.
Introduction
Vertebrate interferon (IFN) proteins, mainly comprising type I (IFN-a/b, IFN-k) and type-II (IFN-c) IFNs, play an essential role in defense against viral and microbial invasions by activating the expression of more than 1,000 genes through the Janus protein kinase-Signal transducers and activators of transcription (JAK-STAT) pathway (Boehm et al. 1998; Ehrt et al. 2001; Decker et al. 2002) . Among these IFN-inducible proteins, only a fraction have been extensively studied such as NOS2, phox, NRAMP1, PKR, and IDO (MacMicking et al. 1997; Skamene et al. 1998 ). The remainder, whose functions have not been well characterized, includes at least four GTPase protein families: the myxovirus resistant proteins (Mx), the guanylate binding proteins (GBPs), the immunity-related GTPase (IRG) proteins, and the very large inducible GTPases (VLIGs) (Boehm et al. 1998; Haller and Kochs 2002; Klamp et al. 2003) . Phylogenetically, the GBP and Mx proteins belong to the large dynamin superfamily Haller and Kochs 2002; Praefcke and McMahon 2004) , but the IRGs and VLIGs do not show obvious sequence similarities with each other or with any other GTPase proteins except for GTP-binding motif (Klamp et al. 2003) . However, these four GTPase families have been shown to share several properties such as being regulated by IFNs and involved in immune response to viral or microbial infections, and forming dimers or undergoing oligomerization after binding of GTP (MacMicking 2004; Taylor et al. 2004; Vestal 2005; Martens and Howard 2006; Taylor 2007) . There are also some minor differences between them, for example, the expression of the GBPs and IRGs is stimulated more effectively by IFN-cthan by IFN-a/b, whereas VLIGs appear to be induced at a similar rate by both types of IFNs, and Mxs are specially activated by IFN-a/brather than by IFN-c. In addition, members of Mx and IRG families show robust antiviral and antipathogen activities, respectively, whereas GBP proteins have only modest antiviral activities, and the capacities of VLIGs against viruses and pathogens have not been determined.
Although these four GTPase protein families have been well studied in mice and humans (Haller and Kochs 2002; Klamp et al. 2003; Bekpen et al. 2005; Olszewski et al. 2006) , they remain poorly characterized in other vertebrate species; furthermore, their evolutionary origins are still largely obscure. The availability of diverse genome sequences and expressed sequence tags (ESTs) offers us an opportunity to address these issues. In the present study, we characterized the above four GTPase families from 18 model species and made a systematic analysis of their evolution. Further, we evaluated their putative functions in nonmammalian vertebrates and amphioxus, one of the closest living invertebrate relatives of the vertebrate.
Materials and Methods

Identification of IFN-Inducible GTPase Genes from Representative Animals
In the present study, we characterized the IFN-inducible GTPase genes from seven mammals (human Homo sapiens, chimpanzee Pan troglodytes, macaque Macaca mulatta, mouse Mus musculus, rat Rattus norvegicus, dog Canis familiaris, and opossum Monodelphis domestica), one bird (chicken Gallus gallus), one amphibian (clawed frog Xenopus tropicalis), three teleost fishes (zebrafish Danio rerio, pufferfish Tetraodon nigroviridis, and fugu Takifugu rubripes), four invertebrate deuterostomes (amphioxus Branchiostoma floridae, Branchiostoma japonicum, ascidian Ciona intestinalis, and sea urchin Strongylocentrotus purpuratus), one insect (Drosophila melanogaster), and one nematode (Caenorhabditis elegans). The sequences of B. japonicum were cloned from cDNA templates using polymerase chain reaction (PCR), and the sequences of other species were extracted from genome database at UCSC (http://genome.ucsc.edu) or JGI (http://genome.jgi-psf.org/) using the TBlastN (Altschul et al. 1990 ) program or retrieved from NCBI (http://www.ncbi.nlm.nih.gov). We used previously reported GTPase protein sequences as queries in the TBlastN search and set the cutoff E-value as 1e À 5. The versions of the genome database are listed in supplementary table S1, Supplementary Material online. The version I assembly of the B. floridae genome contains sequences of two haplotypes. Therefore, if two alleles of one gene were found in the database, we selected the haplotype with more complete assembly for our analysis. We distinguished alleles from different genecopiesasdescribed byLietal. (2007) . Genewise at http://www.ebi.ac.uk/Wise2/was implemented to predict unannotated genes with previously reportedprotein sequences as templates, and some of predictions were verified by searching the EST database. If the predicted cording sequence has no frameshift(s) or early stop codon(s) and encodes a protein containing the important domains like GTP-binding domain or dynamin domain in Mx proteins, we regarded it as a functional gene, otherwise treated it as a pseudogene.
Nomenclature
For newly annotated putatively functional genes or pseudogenes, we named them based on phylogenetic analysis, synteny, and physical gene order. Thus, if a newly identified gene was found to be orthologous to a known gene, we named it after the known gene; otherwise, we named it according to its order on the genomic sequence.
Identification of Transcription Factor Binding Sites
Based on the EST or cDNA data, we determined putative transcription start sites for some of the newly identified genes. When more than one EST of 5#-UTR were found corresponding to single gene, the one extending most upstream was selected for further analysis. Putative promoter regions (2 kb upstream of putative transcription start point) were screened for several transcription factor-binding sites using the TESS program (Schug 2003) at http://www.cbil.upenn.edu/cgi-bin/ tess/tess. For GBP genes, we searched for GAS (IFN-gamma activated site) consensus sequences (CN(G/T)ATTNC(C/ T)NN(G/A)AAandTTCN (2-4) GAA),ISREs(IFN-stimulated response elements) consensus sequences (NNTTTCNNT-TTC), and NF-jB-binding sites (NGGNNNTTCC) following Olszewskietal. (2006);forMxgenes,wesearchedfortheISRE consensus sequences (NNTTTCN (1-2) TTTC) only (Hug et al. 1988) ,andforVLIGgenes,wesearchedfortheGASconsensus sequences as above and ISRE consensus sequence according also to Hug et al. (1988) and Olszewski et al. (2006) .
Preparation of Bacteria and Infected Adult Amphioxus or Zebrafish
Bacteria Staphylococcus aureus (Gram-positive) and Vibrio parahaemolyticus (Gram-negative) were cultured in Luria Broth medium at 37°C overnight. Cells were collected, washed twice using sterile phosphate buffer solution (PBS), and then diluted to appropriate concentration in sterile PBS (pH 5 7.8). Two microliters of sterile PBS, S. aureus (10 5 CFU), V. parahaemolyticus (10 5 CFU), or PolyI:C (1 lg/ll) was injected into the coelom of B. japonicum adult individuals (species identification according to Zhang et al. 2006) , and then, the animals were cultured in separated bowls. PolyI:C is structurally similar to double-stranded RNA which is present in some viruses, and therefore, it can be used to simulate viral infections. Five animals were collected separately at 6, 12, 24, and 48 h after injection for RNA extraction. Zebrafish (D. rerio) were obtained from aquarium in Xiamen city and maintained in tanks supplied with fresh air and food for at least 1 week before use. Each animal was injected with 5 ll PolyI:C into their coelom and cultured in tanks as above. PBS-injected fish were used as control. Three animals were separately collected for RNA extraction at 12, 24, and 48 h after injection.
Real-Time Quantitative PCR (RTqPCR) Analysis on Gene Expression Patterns Total RNA was prepared using Trizol reagent (Tiangen Co., China) from eight different tissues of at least three healthy B. japonicum including gill, muscle, liver, ovary, testis, intestine, notochord, and skin and from the intestine of PBS or stimulator-injected animals. For PolyI:C-or PBS-treated zebrafish animals, only their gills were dissected. After digestion with DNase I (RNase free, TaKaRa Co. Japan) to eliminate genomic contamination,theRNAwasreversetranscribedtocDNAusing random and oligo-d(t) primers (TaKaRa Co.). Subsequently, RTqPCR analysis was performed using SYBR Green real-time PCR master mix (Toyobo Co., Japan) on Rotor-Gene 3000 (Corbett Robotics, Australia) under the conditions of 94°C for 2 min, followed by 45 cycles of 94°C for 15 s, 58-60°C for 20 s, and 72°C for 20 s. Normalization was performed using ''b-actin'' as an internal control. We examined the expression patterns of seven B. japonicum IFN-inducible genes: one Mx (Mx2), four IRGs (IRG1a, IRG1b, IRG5, and IRG7), and two GBPs (GBP1/6 and GBP2/3/4/5) and three zebrafish genes: Mxa (as positive control), VLIG4, and VLIG19. The primer sequences and related information are listed in supplementary table S2, Supplementary Material online.
Evolutionary Analysis
Amino acid sequences were aligned using ClustalX (Thompson et al. 1997 ) with manual adjustments, and the sequence matrix was applied to generate Neighbor-Joining tree (Saitou and Nei 1987 ) using MEGA4 (Tamura et al. 2007 ) with protein Poisson distances (Nei and Kumar 2000) . The reliability of each interior branch of the tree was assessed by bootstrapping with 1,000 replications (Felsenstein 1985) . Based on sequence similarity, we selected human DMN2, SPG3A, and IRGQ genes as outgroups for the Mx, GBP, and IRG gene families, respectively.
Results
Mx Proteins
Previous studies have shown that mammalian species such as human (Aebi et al. 1989) , mouse (Staeheli and Haller 1985) , and cow (Gerardin et al. 2004 ) generally have two forms of Mx protein. In the present study, we also found two Mx genes in chimpanzee, macaque, and dog genomes. Strikingly, no Mx cognates were detected in opossum genome. To verify this result, we examined the genes adjacent to Mx and found that linkage of FAM3B, Mx(s), and TMPRSS2 is well conserved throughout vertebrates, but no Mx gene was detected around either FAM3B or TMPRSS2 in the opossum genome ( fig. 1A , note there are no sequence gaps in this region). We further extended the screening region and found strict conservation of four genes on both sides of FAM3B-TMPRSS2 in mammals (data not shown). Therefore, it is reasonable to conclude that opossum has lost its Mx gene after its separation from the common ancestor of mammals, although previous studies indicate that the marsupial immune system is as extensive as that of their eutherian counterparts (Belov et al. 2007 ). Single Mx gene was identified in chicken, frog, and two pufferfish genomes; in contrast, seven putative functional Mx genes and one pseudogene, distributing on four paralogous regions, were found in zebrafish ( fig. 1A ). In addition, we recovered two Mx genes from amphioxus B. floridae and cloned one Mx (Mx2) from the congeneric species B. japonicum. No Mx homologous genes were detected in the genomes of Ciona, sea urchin, Drosophila, or C. elegans.
Human MX1 and MX2 genes are well conserved in chimpanzee, macaque, cow, and dog, but the latter was lost in mouse and rat, and the former was duplicated once creating a new rodent paralogous gene ( fig. 2 ). The eight zebrafish Mx genes (including one pseudogene) divide into three groups: The first group, including two closely linked Mx genes (Mxa and Mxb), clusters together with Mx genes of two pufferfish. The second group contains another two linked Mx genes Mxc and Mxe, but they have no apparent orthologs in other species. The last group includes three functional genes (Mxd, Mxg, and Mxh) and one pseudogene (wMx) from two distinct chromosomes. The amphioxus Mx genes cluster together as a sister group to all vertebrate Mx genes ( fig. 2 ).
Mx proteins are characterized by a tripartite GTPbinding domain, dynamin family signature, and a leucine zipper motif (Melen et al. 1992) . Alignment of newly identified and previously reported Mx protein sequences shows that the second and third GTP-binding elements (also known as G3 and G4 motifs, respectively) are completely conserved throughout all Mx proteins (supplementary fig.  S1 , Supplementary Material online). Despite some substitutions within the first GTP-binding element (also known as G1 motif) and dynamin family signature, those motifs still fit the consensus (e.g., GxxxxGKS for the first GTPbinding element). The previously identified putative leucine zipper motif, based on several mammalian Mx sequences (Johannes et al. 1997) , is not well conserved in other species, but these proteins all have at least six leucine repeats at their COOH terminus.
Expression of vertebrate Mx genes is regulated by type I IFNs through the binding of IFN-induced complex IFNstimulated gene factor 3 (ISGF3) to ISRE in their promoters (Decker et al. 2002) . The ISRE has been identified in Mx genes from several mammals (Hug et al. 1988; Ronni et al. 1998; Gerardin et al. 2004; Thomas et al. 2006) , chicken (Schumacher et al. 1994) , and fishes (Lee et al. 2000; Collet and Secombes 2001; Yap et al. 2003; Altmann et al. 2004; Ooi et al. 2006) . After searching the EST database, we successfully recovered putative promoter regions of seven newly identified zebrafish Mx genes and found that three of them have ISRE elements in their promoters with Mxa and Mxb containing two, and Mxg one (fig. 1B) . The exon-intron structure of Mx-coding regions are very conserved in mammals (Hug et al. 1988; Gerardin et al. 2004; Thomas et al. 2006) , and this conservation can also be found in all newly recovered Mx exon-intron structures ( fig. 2) .
GBP Proteins
Compared with the Mx gene family, GBP genes constitute a relatively large group. As shown in figure 3A , 3-12 functional GBPs and 1-7 pseudogenes were found in tetrapods, 12 members (including 4 pseudogenes) were identified in zebrafish, but no GBP cognate was detected in 2 pufferfish. The loss of GBP genes was also observed in the genomes of other two Neoteleostei fishes: medaka (Oryzias latipes) and stickleback (Gasterosteus aculeatus). Six functional GBP genes (no pseudogenes) were identified in B. floridae, and two GBPs were cloned from B. japonicum. However, no GBP was detected in the genomes of Ciona, sea urchin, Drosophila, or C. elegans.
To illuminate the evolutionary history of GBP family, all newly identified genes combined with 13 previously described GBP genes (Olszewski et al. 2006; Degrandi et al. 2007 ) were used to reconstruct a phylogenetic tree. As shown in figure 4A , the tree is comprised of five main clades representing mammals, chicken, frog, zebrafish, and amphioxus, respectively, indicating that GBP genes have undergone extensive lineage-specific duplication or gene conversion. This observation is further supported by gene content comparisons between closely related species. For instance, macaque lost GBP4 and GBP5 but accumulated one extra copy of GBP6; B. floridae expanded its GBP members from two to six in about 150 My after it diverged from B. japonicum (Mukaida and Takada-Matsuzaki 2004) . In a very extreme case, mice evolved at least six new members after its separation from the lineage leading to rats.
When compared with other canonical GTPases, the GBP proteins have a novel GTP-binding domain in which the G4 motif is Arg-Asp (RD) rather than the normal N/ TKxD motif . Alignment of GBP protein sequences revealed that G1 and G3 elements are highly conserved throughout all examined species, whereas the G4 consensus is only present in vertebrate GBP proteins (except opossum GBP3 and zebrafish GBP2), but not in amphioxus (supplementary fig. S2 , Supplementary Material online).
To date, all characterized GBP genes are induced by IFNs and some of them also induced by lipopolysaccharide, interleukin-1b (IL-1b), or tumor-necrosis factor-a (Nguyen et al. 2002; Degrandi et al. 2007; Tripal et al. 2007 ). Examination of human and mouse GBPs revealed that several related elements such as ISRE, GAS, and NF-jB-binding sites exist in the promoters of those genes ( fig. 1C) (Olszewski et al. 2006) . All recovered rat GBPs contain the ISRE and GAS elements like those in mouse. The GAS and NF-jB-binding ISREs in the promoter regions of the examined Mx genes. We examined the 2-kb putative promoter regions upstream of transcription start site (in tetropads) or start codon (in fish). Only 500-bp upstream regions were shown because all identified GAS element (dark blocks) are located there. (c) ISREs in the promoter regions of the examined GBP genes. We examined 2-kb putative promoter regions upstream of the transcription start site. Black blocks represent ISRE elements, gray blocks represent NF-jB-binding site, and white ones denote GAS elements. sites were also found in the promoters of dog GBP1 and GBP6, but the ISRE element was found in the dog GBP6 promoter only. In frog, ISRE element appears in all five recovered GBP promoters, whereas GAS element disappears in GBP7 and GBP10 genes. Zebrafish GBP genes have two or three different response elements in their promoters.
GBP genes from the same species showed a high level of conservation in their genomic structures (data not shown). This result consists with the origin by lineagespecific duplications or gene conversions. Moreover, the GBP gene structure also demonstrated a certain similarity in different vertebrate lineages, especially the region encoding GTP-binding domain. However, this similarity was not found between vertebrate and amphioxus GBP genes (data not shown).
VLIG Proteins
VLIG proteins are the largest known GTPase proteins with a molecular mass around 280 kDa (Klamp et al. 2003) . Comparative analysis (figs. 3B and 4B) revealed that this gene family has evolved in an unexpected way. First, primates and carnivores appear to have lost the VLIGmediated immune system because no functional VLIGs were recovered from the genomes of human, chimpanzee, macaque, or dog. Secondly, at least 21 putatively functional VLIGs and 16 pseudogenes were characterized from zebrafish genome, but only about five VLIGs were detected in the current genome databases of pufferfish or Fugu fish (data not shown due to poor sequence qualities). Thirdly, the first 870 amino acids (aas) of mouse VLIG1 are highly conserved in tetrapods (mean similarity is 59.4%), elephant shark, and lamprey (data were not shown due to the poor genome quality) but were lost in teleosts specifically (supplementary fig. S3 , Supplementary Material online). Finally, no homologous genes of VLIG family were extracted from the species outside vertebrates.
The GTP-binding region of VLIG proteins possesses canonical G1 and G3 motifs and a novel G4 motif (Klamp et al. 2003) . Klamp et al. noted three putative G4 motifs (TAKD, QKLD, and NQLD) and considered the first one as the most possible based on the comparison of mouse VLIG1 with several other GTPase proteins (Klamp et al. 2003) . Sequence alignment showed that the G1 and G3 motifs are highly conserved throughout all examined vertebrate species, but of three putative G4 motifs, only LD residues in the second one (QKLD) are conserved (supplementary fig. S3, Supplementary Material online) . Therefore, the LD motif of the VLIG, like the RD motif of the GBP , should represent the most likely G4 motif.
Previous studies demonstrated that mouse VLIG1 was strongly induced by IFNs at transcriptional level (Klamp et al. 2003) . As expected, we found GAS and ISRE elements in its putative promoter region (data not shown). It has also been noticed that most mouse VLIG-related ESTs were derived from immune cells or tissues rich in hemopoietic cells, such as thymus, spleen, or lymph node (Klamp et al. 2003) . This role fits the data for VLIG genes of chicken and frog too. For example, of the eight chicken VLIG1 ESTs, six originated from intestine or blood stimulated by IFNs, and two
FIG. 2.-Phylogenetic relationship of
Mx genes from the examined species and their exon-intron structures. The tree was reconstructed by the Neighbor-Joining method with protein Poisson distances. Bootstrap percentages are shown on interior branches. Sequence accession numbers used in the analysis are given. The reconstructed protein sequence of zebrafish wMx was included in the analysis because of its integrity, but chicken Mx was excluded from the analysis due to its rapid evolution. Human DNM2 gene is used as outgroup. Numbers in the boxes represent exon sizes (bp). Genes marked by asterisk contain ISRE element in their promoters (amphioxus Mxs was not examined, because we could not determine their putative promoter regions). Abbreviations: Hs, Homo sapiens; Rn, Rattus norvegicus; Cf, Canis familiaris; Bt, Bos taurus; Xt, Xenopus tropicalis; Dr, Danio rerio; Tn, Tetraodon nigroviridis; Tr, Takifugu rubripes; Bf, Branchiostoma floridae; and Bj, Branchiostoma japonicum.
frog VLIG ESTs were derived from spleen. Nevertheless, this trend becomes obscure in zebrafish, because among the 43 zebrafish VLIG-related ESTs, most were derived from libraries constructed using whole body (13), eye (7), unknown tissues (5), heart (3), and others rather than immune cells or hemopoietic cell-rich tissues.
EST data can be used as an indication for gene expression profile, but sometimes bias result is reached especially when the total EST number from each library is very different. So, to further determine if the VLIG genes in zebrafish are regulated by IFNs like that in other vertebrates, we compared the expression levels of two phylogenetically FIG. 3.-Chromosomal/scaffold disposition of GBP and VLIG genes in the examined animals. Arrows denote transcription orientation. Doubleparallel marks represent two genes that are interspanned by at least one other gene (based on the annotation of UCSC). Mus musculus Gbp genes were shown according to Shenoy et al. (2007) and Kresse et al. (2008) . Black blocks represent putatively functional genes, whereas gray blocks indicate pseudogenes. Void blocks are genes whose genome sequences are not completely determined. Not to scale. distant VLIG genes (VLIG4 and VLIG19) in PolyI:C-injected animals with that of those in PBS-injected (control) animals. The result ( fig. 5A) showed that both VLIG4 and VLIG19 were upregulated after PolyI:C injection, implying that zebrafish VLIG genes, despite lacking the first ;870 aas at the N-terminal, were under a similar regulatory pattern to that of other vertebrate VLIGs. The ORFs of all newly determined VLIG1 genes are encoded on a single large exon like that of the mouse VLIG1 (Klamp et al. 2003) .
IRG Proteins
Vertebrate IRG proteins have been well studied (for detailed information, see Bekpen et al. 2005; Martens and Howard 2006;  and the website at http://db.aghoward. uni-koeln.de/public/database2/global/), but no IRG genes have been identified from animals outside vertebrates such as Drosophila, C. elegans, or Ciona yet. In the recently released B. floridae genome database, we identified eight functional IRG genes as well as at least four pseudogenes. This result suggests that this gene family originated before the radiation of chordate subphyla. From amphioxus B. japonicum, we cloned 11 IRG gene fragments showing .5% difference at the nucleotide level (the general singlenucleotide polymorphism rate in B. floridiae is 3.7%; Putnam et al. 2008 ). Similar to VLIGs, vertebrate IRGs are also encoded by a single exon. Nevertheless, IRG proteins of amphioxus are encoded on at least two exons interrupted by a small intron of about 150-1,000 bp (data not shown).
To determine the evolutionary relationships of IRG genes, we compiled a data set containing protein sequences of amphioxus and representative vertebrate IRGs (Bekpen et al. 2005) . The phylogenetic tree ( fig. 4C ) displays that the amphioxus IRG genes fall into a separate clade from the vertebrate IRGs indicating they are derived from lineagespecific duplication or gene conversion. The amphioxus IRG proteins possess G1 and G3 consensus motifs and a modified G4 element presenting in many vertebrate IRG proteins (supplementary fig. S4 , Supplementary Material online).
Expression Patterns of IFN-Inducible GTPase Genes in B. japonicum
As shown in figure 5B , the seven selected B. japonicum GTPase genes (one Mx, four IRGs, and two GBPs) are all highly expressed in immune-related organs such as gills, skin, liver, and intestine (Yu et al. 2005 ) but with different expression profilesaccording to different genes. For instance, four IRG genes (IRG1a, IRG1b, IRG5, and IRG7) exhibit similar expression patterns with dominant site at the intestine. The GBP2/3/4/5 gene is highly expressed in gills and intestine, whereas the Mx1 and GBP1/6 genes are expressed in gills, skin, liver, and intestine.
The higher and specific expression of IFN-inducible GBPase genes in amphioxus immune-related tissues suggests that these genes are involved in amphioxus immune response to viruses or other pathogens. To test this hypothesis, we examined whether the expression levels of the GBPase genes are upregulated in amphioxus after stimulation with bacterial pathogens or PolyI:C. As shown in figure  5C , all four selected GTPase genes were upregulated after challenge with those inducers. Among them, PolyI:C and V. parahaemolyticus acted most effectively.
Discussion
Activation of the immune system by IFN proteins is crucial for host resistance to microbial infections. Up to ;1,500 genes are under the regulation of IFNs, and their products act together to create a host defence barrier (Boehm et al. 1997; Ehrt et al. 2001) . In this study, we focused on four IFN-inducible GTPase families and found several unexpected phenomena. First, Mx, IRG, and GBP families originate on the stem lineage leading to chordates, whereas VLIG family emerged solely in vertebrates. Secondly, IRG, GBP, and VLIG families have experienced a high rate of gene gain and loss during evolution, whereas Mx gene appears to evolve in a low rate with respect to gene copy number. Thirdly, the antiviral activities of the Mxs, IRGs, and GBPs are highly conserved throughout vertebrates, although the VLIG protein sequences in fish have evolved much shorter than those in other vertebrates. Finally, amphioxus possibly possesses an immune reaction mediated by Mx, GBP, and IRG genes like vertebrates, although no IFN and IFNR genes were found in the amphioxus genome (Huang et al. 2008) . We consider these points in order.
The IFN-inducible GTPases have been well studied in humans and mice, and some family members have also been cloned or predicted from other vertebrates (Martens and Howard 2006) , but no homologues of those genes had been found outside the vertebrates. Thus, the phylogenetic origins of the four IFN-inducible multigene families were obscure. By searching the genome databases of five invertebrate species (amphioxus, Ciona, sea urchin, Drosophila, and C. elegans), we found IRG, GBP, and Mx homologous genes in amphioxus only but no VLIGs in any of these five species. This result suggested that the IRG, GBP, and Mx genes emerged before the radiation of chordates and the VLIGs just appeared in the early vertebrates. The absence of Mx proteins in Ciona is unexpected when we considered their important function and conserved sequence and exon-intron organization in vertebrates. Two possible explanations might account for these observations: 1) The Mx gene(s) of Ciona is not included in the current genome database(s); 2) Ciona has evolved anotherantiviralsystem and lostitsMxs,likeopossum.
Some of the IFN-inducible gene or gene families have been shown to evolve quickly between human and mouse in respect to gene number, like the p202 gene family (Deschamps et al. 2003) and OAS family (Perelygin et al. 2002) , but most of them appear to evolve slowly such as PKR (Rothenburg et al. 2008) , IDO2 (Yuasa et al. 2007) , INOS (Laing et al. 1999) , and others (Parker and Porter 2004) . However, in this study, we found among the four IFN-inducible GTPase families, three of them (IRG, GBP, and VLIG) have experienced dynamic evolution throughout the vertebrate as well as amphioxus ( fig. 6) . Some of those genes were even lost in some species or lineages. For instance, we could not find GBP genes in two pufferfish or functional VLIG genes (only pseudogenes) Intestine mRNA extracted at 6, 12, 24, and 48 h after injections of PolyI:C, PBS, Staphylococcus aureus (S.c), Vibrio parahaemolyticus (V.p), and PBS were used for real-time PCR analysis. Up-regulated levels were calculated by dividing mRNA expressions in PBS-injected group using mRNA expressions in stimulator-injected group. in primates or carnivore. Previous studies revealed that mice genome contains 23 IRG and 6 VLIG genes, whereas the human genome possesses only one functional IRG and one VLIG pseudogene, indicating mice evolved a more complex immune system mediated by IRG and VLIG proteins (Klamp et al. 2003; Bekpen et al. 2005) . In this study, we find zebrafish also contains more GBP (7:0:0), Mx (7:1:1) and VLIG (21:;5:;5) genes than fugu or pufferfish ( fig. 6 ). This result together with the finding about IRG in zebrafish, fugu, and pufferfish (11:2:2) indicate that zebrafish possesses a more powerful antimicrobial mechanism mediated by the IFN-inducible GTPase proteins. Phylogenetically, zebrafish, fugu, and pufferfish belong to Actinopterygian fish, which is believed to have undergone three rounds of whole genome duplications. According to the distribution patterns of GTPase genes on chromosomes (e.g., zebrafish's seven Mx genes locate on four paralogous regions) and their phylogenetic relationships (some of zebrafish genes having no orthologs in fugu and many of them forming zebrafish-specific clades in the tree, figs. 2 and 4, and fig. 5 in Bekpen et al. 2005) , it is reasonable that the complex IFNs-inducible GTPase system of zebrafish is caused by high level of preservation of these duplicated genes and subsequent frequent species-specific duplications. This complexity is possibly driven by the pathogen profile encountered like other immune-related genes. Alternatively, some of the zebrafish ''redundant'' GTPase genes have evolved nonimmune functions. This possibility is indicated by the absence of GAS or ISRE element from several examined zebrafish GTPase gene promoters. For example, among the seven zebrafish Mx genes, only two have ISRE elements in their promoters, one of which is orthologous to the single fugu Mx gene (fig. 1b) .
Our conclusion that vertebrate IFN-inducible GTPases have conserved immune functions mainly based on three following observations: Firstly, the promoter regions of newly identified genes possess IFN-response elements GAS and ISRE like previously characterized IFN-inducible GTPase genes. Secondly, all newly identified proteins contain conserved tripartite GTP-binding elements that are required in dimer formation or oligomerization. Thirdly, all vertebrates have a similar IFN system (Pestka et al. 2004; Robertsen 2006) , which possibly provides a conserved regulatory network for the IFN-inducible GTPase genes.
It has been shown that vertebrates express their IFNinducible GTPase genes mainly in immune-related tissues. In this study, we found amphioxus also expresses those genes specifically in several immunetissues suchasgills,liver, and intestine. Moreover, amphioxus IFN-inducible GTPase proteins contain conserved tripartite GTP-binding elements and family-specific motifs that are indispensable for the immune function in vertebrates. Thus, we assumed that IFN-inducible GTPase proteins play immune functions in amphioxus like their cognates in vertebrates. The upregulation of four selected genes in pathogen-challenged animals provides us an experimental proof for this conclusion.
In vertebrates, IFN signals through the JAK-STAT pathway to regulate target genes. Studies on the insects Anopheles gambiae (Barillas-Mury et al. 1999) and Drosophilia (Agaisse et al. 2003) demonstrated that the involvement of JAK-STAT signaling in immune response is evolutionarily conserved. This result suggests that the JAK-STAT signaling pathway is possibly involved in the mediation of amphioxus IFN-inducible GTPase genes upon challenge. As expected, we found one JAK family member and three STAT family members in amphioxus genome (data not shown). However, no homologues of IFN proteins or their receptors (IFNR) were detected using the TBlasP program, even when the E-value was set at 10. A similar result was also achieved recently (Huang et al. 2008 ). In addition, IFN/IFNR genes have not been found in the genomes of either Ciona or sea urchin (Hibino et al. 2006) . There are two possible explanations for these findings. IFN/IFNR genes do not exist in these three deuterostome invertebrates, but emerged just after the divergence of vertebrates like adaptive immunity-involved genes. This would imply that amphioxus activates its JAK-STAT pathway not by signaling through IFN/IFNR, but though a novel ligand/receptor repertoire. Alternatively, IFN/IFNR genes exist in amphioxus but are not included in the current genome database or cannot be detected using methods based on sequence similarity due to their fast evolution.
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